Time-resolved, absolute NO and N atom number densities are measured by NO Laser Induced Fluorescence (LIF) and N Two-Photon Absorption LIF in a diffuse plasma filament, nanosecond pulse discharge in dry air, hydrogen-air, and ethylene-air mixtures at 40 Torr, over a wide range of equivalence ratios. The results are compared with kinetic modeling calculations incorporating pulsed discharge dynamics, kinetics of vibrationally and electronically excited states of nitrogen, plasma chemical reactions, and radial transport. The results show that in air afterglow, NO decay occurs primarily by the reaction with N atoms, NO + N → N 2 + O. In the presence of hydrogen, this reaction is mitigated by reaction of N atoms with OH, N + OH → NO + H, resulting in significant reduction of N atom number density in the afterglow, additional NO production, and considerably higher NO number densities. In fuel-lean ethylene-air mixtures, a similar trend (i.e. N atom concentration reduction and NO number density increase) is observed, although [NO] increase on ms time scale is not as pronounced as in H 2 -air mixtures. In near-stoichiometric and fuel-lean ethyleneair mixtures, when N atom number density was below detection limit, NO concentration was measured to be lower than in air plasma. These results suggest that NO kinetics in hydrocarbon-air plasmas is more complex compared to air and hydrogen-air plasmas, additional NO reaction pathways may well be possible, and their analysis requires further kinetic modeling calculations.
Introduction
Nitric oxide (NO X ) chemistry is an extensively studied subject in combustion kinetics. When the fuel does not contain chemically bound nitrogen, NO X formation in air/fuel mixtures can be described in terms of thermal (extended Zel'dovich) and prompt (Fenimore) formation mechanisms [1] , the latter occurring in combustion of hydrocarbons. In the former case, NO generation can be predicted by the extended Zel'dovich mechanism reactions listed below, 
with subsequent oxidation of NO to higher oxides. Since the forward rate of reaction (1) is strongly temperature dependent, and since high temperatures favor thermal dissociation of molecules, reducing NO X concentrations, which are regulated pollutants, involves reducing the flame temperature and operating under lean fuel conditions. Since lean flames can be inherently unstable, the use of plasma-assisted combustion [2] has been suggested for lean combustion stabilization. Basically, electronic excitation and dissociation of molecules by electron impact in low-temperature plasmas result in generation of an additional pool of radicals, favorably affecting combustion chemistry. Specifically, nanosecond pulse discharge plasmas sustained at high reduced electric fields (E/N) have received considerable attention since rates of high energy threshold electron impact processes scale exponentially with E/N. However, it is well known that plasma chemical reactions in ns pulse discharges in air also produce nitric oxides, even at low temperatures, due to generation of electronically excited N 2 molecules and O atoms by electron impact, and subsequent plasma chemical reactions among them [3, 4] . At these conditions, N atoms, also generated by electron impact, result in significant NO decay in the afterglow, due to the reverse rate of reaction (1) being very high at low temperatures (see figure 1) . However, adding fuel, which leads to generation of additional radicals such as OH and H atoms, may further enhance NO production in low temper ature plasmas, e.g. via reaction (3), whose forward rate exceeds the reverse rate of reaction (2) (see figure 1) .
Our recent work [3, 4] have shown that the role of excited species in kinetics of NO generation and decay in nanosecond pulse air plasmas remains not fully understood. In particular, comparison of time-resolved measurements of N, O, and NO number densities, gas temperature, and N 2 vibrational level populations with kinetic modeling calculations demonstrated that the role of excited electronic states of N 2 in NO formation, via forward reaction (1), may have been significantly underestimated. This recent result is in contrast with previous studies in quasi-steady-state (DC and RF) discharges [6] [7] [8] [9] [10] , which suggested that NO formation in nonequilibrium plasmas is affected by reactions of vibrationally excited nitrogen molecules in the ground electronic state, N 2 (X 1 Σ,v > 12) [6] [7] [8] ,
or by metastable electronically excited N 2 molecules, N 2 (A 3 Σ), and metastable nitrogen atoms, N( 2 D) [9, 10] . NO formation via reactions of N( 2 P, 2 D) atoms has also been suggested as a dominant reaction mechanism in pulsed barrier discharges [11] . Basically, these results indicate that NO formation via both metastable and short-lived excited species needs to be taken into account. This also shows the need for additional studies of NO generation and decay in nonequilibrium plasmas sustained in fuel-air mixtures, to provide quanti tative insight into NO X kinetics at these conditions, and to assess applicability of plasma assisted combustion for engineering applications.
The main objective of the present work is to study kinetics of NO formation and decay in high specific energy loading, low-temperature plasmas sustained in hydrogen-air and ethylene-air mixtures. For this, we are using a high-voltage, nano second duration pulse 'diffuse filament' discharge between two spherical electrodes. This approach is similar to our previous studies in air, done at relatively low discharge specific energy loading [3, 4] . In this work, the energy loading by the discharge is considerably higher, such that timeresolved temper ature in the plasma at the present conditions, measured in our recent work by pure rotational ps CARS [12] , varies from room temperature to near self-ignition limit. In the present work, measurements of absolute number densities of NO and N atoms by LIF and TALIF are combined with kinetic modeling to analyze kinetics of NO formation and decay at these conditions. Specifically, as will be shown, these results illustrate the importance of the third Zel'dovich mechanism reaction (3) in the presence of fuel.
Experimental
The discharge cell and electrode geometry used in the present experiments are the same as in our previous work [3] . Briefly, a low-pressure discharge cell has two optical windows providing access for the laser beam, and a third window used for plasma emission imaging and laser-induced fluorescence imaging at 90° relative to the laser beam. The pressure in the cell was maintained using a throttling valve downstream of the cell, and the fuel-air mixture composition (i.e. the equivalence ratio) was controlled by varying the fuel flow rate through the cell. The equivalence ratio is defined as follows, Φ = (F/A)/ (F/A) stoichiometric , where F/A is the ratio of fuel and air number densities. All present measurements have been done at the same cell pressure of 40 Torr. The electric discharge was sustained between two spherical electrodes 7.5 mm in diameter, separated by a 10 mm gap. The electrodes were powered by a custom-made, magnetic pulse compression, high voltage nanosecond pulse generator which produces alternating polarity pulses with peak voltage of up to 20 kV and FWHM pulse duration of 50-100 ns, at a pulse repetition rate up to 50 kHz. In the present experiment, the pulser was operated continuously, at a low pulse repetition rate of 60 Hz. The pulser was triggered by an external function generator. Pulse voltage and current were measured by a Tektronix P6015A high voltage probe and a Pearson 2877 current probe. The same generator was used in our previous work [12] , where time resolved temperature in the plasma during and after the discharge pulse was measured by pure rotational CARS.
The high-voltage output of the pulse generator also incorporates lower amplitude 'pre-pulses' produced by the pulse generator several microseconds before higher amplitude 'main' pulses. The pre-pulse polarity is always opposite to that of the main pulse, such that a positive polarity main pulse is preceded by a negative polarity pre-pulse produced approximately 6 μs earlier (as shown in figure 2 ) and a negative polarity main pulse is preceded by a positive polarity prepulse. The positive and negative polarity pulse waveforms are essentially identical. Although the main pulse peak voltage is designed to be significantly higher compared to that of the pre-pulse, at the present conditions of a low-pressure nanosecond pulse discharge sustained between two metal electrodes, breakdown is achieved during both the pre-pulse and the main pulse, and therefore their peak voltages are comparable (see figure 2) . Peak current during the main pulse is significantly higher compared to that during the pre-pulse (~25 A versus ~5 A, see figure 2) due to residual ionization in the discharge gap remaining after the pre-pulse. The energy coupled to the plasma by the entire waveform in air is approximately 8 mJ, with about 70% coupled by the main pulse (see figure 2) . Pulse voltage and current waveforms taken in H 2 -air and C 2 H 4 -air mixtures are very close to the ones in air.
In the present work, we have performed time-resolved measurements of absolute number densities of NO(X 2 Π,v = 0) and N( 4 S) after the discharge pulse. For this, we use the same optical diagnostics apparatus as described in detail in our previous work [3] , except that in the present study the fluorescence signal is collected over a somewhat larger cross section of the filament, 2.75 mm wide in the radial direction, compared to 2.5 mm in [3] . For NO LIF, the ground state NO(X 2 Π,v = 0) is excited to NO(A 2 Σ,v = 0) state by absorption of 226 nm laser photons, and fluorescence to NO(X 2 Π,v = 2) state at 248 nm is collected. For NO number density measurements, the laser was tuned across the lineshape of overlapping P 11 (3.5) and P 11 (14.5) transitions, with absolute calibration done by measuring fluorescence in a calibration mixture of 100 ppm NO in nitrogen balance. Since gas temperature in the present work was not measured, temperature predicted by the kinetic model (see section 3) was used for calibration. Time-resolved temperature predicted by the kinetic model is in good agreement with our recent pure rotational ps CARS temperature measurements in ns pulse discharges in air and H 2 -air mixtures [12] . Net NO(A 2 Σ,v = 0) quenching rate, Q, was calculated using cross sections for major species in the mixture, including N 2 , O 2 , H 2 , and C 2 H 4 . For planar LIF (PLIF) measurements, the laser beam was expanded into a laser sheet ~0.5 mm thick and 15-20 mm wide, and a PI-Max ICCD camera was used for fluorescence imaging. Time delay between the discharge pulses, approximately 16 ms, was somewhat shorter compared to the flow residence time across the discharge filament ~2-3 mm in diameter, estimated based on the flow rate through the cell, ~ 30 ms, such that a small amount of NO was detected before the discharge pulses.
N atom Two-Photon Absorption LIF (TALIF) measurements involve simultaneous absorption of two incident laser photons (207 nm), followed by detection of single photon fluorescence at 742-746 nm, with absolute calibration usually done in krypton (at excitation of wavelength of 204 nm). Further details of this diagnostics can be found in our previous work [3] . In the present work, calibration was done using a nanosecond pulse discharge in nitrogen at 100 Torr, at the same conditions as in our previous work [3] , where it was characterized in detail and krypton calibrated. The main advantage of using this approach is that N atom number density in the nitrogen afterglow remains essentially constant over a long range of delay times, up to ~1 ms [3] , due to both recombination and diffusion being very slow. Using this approach, the TALIF signal in air and fuel-air mixtures only needed to be corrected for the difference in quenching rate, compared to nitrogen. As in NO LIF measurements, the quenching rate was calculated taking into account only major species in the mixture (N 2 , O 2 , H 2 , and C 2 H 4 ). During LIF and TALIF measurements, the laser intensity was limited such that the signal was linear for LIF and quadratic for TALIF, both in plasmas and in calibration gases, as discussed in our previous work [3] .
Accurate inference of absolute NO and N number densities from LIF and TALIF signals requires knowledge of temper ature and the quenching rate, which were not measured in the present work. Temperature during and after the discharge burst is predicted by a kinetic model (see section 3). Temperature calculated by the same model is in good agreement with our previous time-resolved temperature measurements at similar conditions [12] , which provides confidence in the model predictions. Basically, after the transient pressure overshoot, caused by heating of the gas mixture in the discharge on sub-acoustic time scale (see section 4), the LIF/ TALIF quenching rate scale proportional to the square root of temperature. For NO LIF, the temperature dependence is more complicated. Two overlapping transitions targeted in each excitation scan, P 11 (3.5) and P 11 (14.5) , are on different sides of the P 11 band head. These lines are chosen because their combined integrated absorption coefficient is a weak function of temper ature. Also, since the fluorescence decay could not be resolved, and the quenching rate was calculated only for major species, this may lead to additional uncertainty at the conditions when the dissociation fraction (specifically, O atom mole fraction) becomes high. For NO LIF, the total combined uncertainty associated with data inference is estimated to be 25%. For N TALIF, the uncertainty is dominated by nearly 50% uncertainty in the two photon cross sections used for nitrogen and krypton.
Kinetic model
Kinetic model of a nanosecond pulse discharge is based on a 1D axial model of a nanosecond pulse discharge developed in our previous work [4] . In the present work, the model is extended to incorporate coupled kinetics and radial transport in the afterglow plasma, as discussed below. The kinetic model has been validated by comparing its predictions with time-resolved measurements of N 2 (v = 0-4) vibrational level populations, absolute number densities of O atoms, N atoms, and NO [3] , and time-resolved temperature in the plasma [12] , showing good agreement. In particular, these results demonstrated that reactive quenching of multiple excited electronic levels of N 2 by O atoms is the dominant channel of NO formation in the afterglow of a nanosecond pulse discharge in air.
Briefly, the model includes time-dependent conservation equations for number densities of charged species (electrons, positive ions, and negative ions) and neutral species (including excited electronic states of N 2 , O 2 , N, and O), Boltzmann equation for electron energy distribution function, equation for the electron temperature, Poisson equation for the axial electric field, and heavy species energy equation. Vibrational level populations of nitrogen in the ground electronic state are calculated using master equation, which includes state-specific processes of N 2 vibrational excitation by electron impact, vibration-to-vibration (V-V) energy exchange, vibration-totranslation (V-T) energy relaxation, and chemical reactions of vibrationally excited molecules. The present model includes 40 excited vibrational levels of nitrogen, of which the first 17 levels are excited by electron impact.
Experimental cross sections for electron impact excitation of low vibrational levels, v = 1-8, are taken from [13] , and theoretical cross sections for excitation of higher levels, v = 9-17, are taken from [14] . The expressions for V-T and V-V energy transfer rates in nitrogen were taken from [15] . Temperature-dependent rates of V-T relaxation of nitrogen by N 2 , O 2 , N, and O, used in the present model, k 1→0 (T ), were taken from [16] , which provides curve fits to the available experimental data. Specifically, the room temperature rate coefficient for N 2 V-T relaxation by O atoms is k T K 300 1 0 [17] . V-T relaxation rates of nitrogen by H 2 were calculated using
from [18] , with temperature dependence suggested in [19] . The room temperature rate coefficient of [20] , agrees well with a 3D Forced Harmonic Oscillator-Free Rotation model [21] , which also predicts its temperature dependence, k T T K /300
, in good agreement with semiclassical trajectory calculations [22] .
Rate coefficients of electron-ion and ion-ion recombination, electron attachment, ion-molecule reactions, collisional quenching of excited electronic states, and chemical reaction among air species are taken from [23] . NO formation during reactive quenching of multiple excited electronic states of N 2 by O atoms,
was taken into account as discussed in [4] . Specifically, the rate coefficient of reaction (4) . The rates of electron impact and ion-molecule reactions among hydrogen-containing species, as well as the rates of neutral species chemical reactions in H 2 -O 2 mixtures were taken from [24] . The following chemical reactions have been added to the reaction set to model NO kinetics in the presence of hydrogen-containing species:
Finally, quenching rate coefficients of electronically excited N * 2 by H 2 molecules were taken the same as in [26] . Since quenching rate coefficients of most excited electronic states of N 2 by H 2 are approximately an order of magnitude lower compared to that by O 2 (with the exception of the C 3 Π state for which the rate coefficients are essentially the same), the net effect of N * 2 quenching by hydrogen is fairly insignificant.
The apparent diameter of the discharge filament, inferred from ICCD images of broadband plasma emission (see discussion in section 4), is approximately d = 2.3 mm. This value was used in the calculations of discharge current, since the 1D axial model predicted the current density. The modeling calculations were carried out in in dry air, modeled as a 78.5% N 2 /21.5% O 2 mixture, and in hydrogen-air mixtures at a pressure of 40 Torr. At high discharge specific energy loadings, the 1D axial model, which predicts cathode voltage fall and discharge current density, as well as axial distributions of the electric field and species number densities, cannot predict time-dependent gas pressure and temperature. At these conditions, time evolutions of pressure and temperature are controlled to a significant extent by rapid heating in the discharge (rapid compared to the acoustic time scale, τ acoustic ~ R/a, where R = d / 2 is the filament radius and a is the speed of sound), with subsequent compression wave propagation in the radial direction. The former process may produce a significant temperature and pressure overshoot, while the latter process may result in rapid gasdynamic expansion and cooling.
To incorporate these process, as well as diffusion and heat conduction in the radial direction, temperature and pressure evolution in the afterglow between the discharge pulses, the following approach is used. First, between the pre-pulse and the main pulse, the pressure in the plasma filament, P(t), is approximated as follows,
where P 0 = 40 Torr, T 0 = 300 K, and ρ 0 are baseline pressure, temperature, and density before the pre-pulse, T(t) is the temperature predicted by the 1D axial model, and τ acoust ≈ 3 μs is the acoustic time based on the filament diameter of d = 2.3 mm. Basically, equation (6) predicts a transient pressure overshoot due to rapid heating, which occurs at nearly constant density, and subsequent gasdynamic expansion of the filament on the acoustic time scale. The use of this approach between the pre-pulse and the main pulse is justified since the time scale for the radial diffusion and heat conduction, ~300 μs at the present conditions, is much longer compared to the time delay between the pulses (approximately 6 μs). Second, after the main pulse, when the applied voltage decays to zero, coupled plasma chemistry, radial transport, and radial gasdynamic expansion of the filament are modeled using a 1D radial axisymmetric model, which includes time-dependent equations for conservation of mass, momentum, energy, species concentrations, as well as master equation for nitrogen vibrational level populations, discussed in detail in [12] . The initial conditions for the radial model on the discharge centerline are predicted by the axial model at the end of the main discharge pulse, halfway between the electrodes. The initial radial distributions of temperature, pressure, and species number densities are assumed to be Gaussian with FWHM of d = 2.3 mm. Although the radial model could also be used to predict time evolution of parameters in the plasma filament between the pre-pulse and the main pulse, a simpler approach using equation (6) is quite accurate and is in good agreement with the radial model predictions [26] . Note that taking into account gasdynamic expansion of the filament caused by rapid heating during the pre-pulse is essential since it results in reduction of the number density, which affects considerably the reduced electric field and specific energy loading by the discharge during the main pulse. Figure 3 shows single-pulse ICCD camera images of broadband plasma emission in air, taken during the negative polarity pre-pulse (a) and positive polarity main pulse (b), using a 100 ns gate. Radial distributions of emission intensity for these two pulses show that in both cases the discharge produces 'diffuse filament' plasma, with FWHM diameter for the main pulse of 2.3 mm. The plasma generated by the main discharge pulse is somewhat more localized compared to that during the pre-pulse, although its FWHM diameter remains approximately the same. At the present conditions, the discharge filament is stable and reproducible, with pulse-to-pulse lateral movement not exceeding ~ 0.05 mm, which is critical for quantitative laser diagnostics measurements requiring signal accumulation over multiple laser pulses.
Results and discussion
Since the main pulse plasma emission intensity distribution is very nearly Gaussian, and since Gaussian distribution is invariant of the Abel inversion [27] , the FWHM diameter of 2.3 mm inferred from figure 3 has been used to estimate the upper bound specific energy loading in the discharge, ≈0.44 eV/molecule. The same filament diameter value was also used in the kinetic modeling calculations (see section 3). The actual specific energy loading in the discharge filament is somewhat lower, due to a significant cathode voltage fall predicted at the present conditions [4] . Evidence of discharge energy loading into the cathode layer has been detected in our previous work, demonstrating spherical compression waves originating at the cathode surface [28] , as well as NO generation in the cathode layer [3] . Emission intensity distributions taken in H 2 -air and C 2 H 4 -air mixtures are very close to the ones in air. Figure 4 compares the experimental and the predicted current waveforms in air during the negative polarity pre-pulse (left) and the positive polarity main pulse (right). In the calculations, the experimental voltage waveform was used as input, Figure 3 . ICCD images of the air plasma during negative the negative polarity pre-pulse discharge (a) and positive polarity main pulse discharge (b), at the conditions of figure 2. Filament diameters used in the modeling calculations (full width at half maximum) are inferred from broadband plasma emission intensity distribution profiles.
as a boundary condition on the high voltage electrode. From figure 4 , it can be seen that the model reproduces the experimental current pulse quite well, both for the pre-pulse and the main pulse. Figures 5(a),(b) plots the pressure and the number density on the discharge filament centerline in air during the pre-pulse and the main pulse predicted by the model, illustrating the effect of rapid heating and gasdynamic expansion. It can be seen that pressure overshoot during the main pulse is significantly higher, due to higher energy coupled to the plasma. The reduced electric field in the plasma at the peak of power loading is approximately 250 Td (during the pre-pulse) and approximately 120 Td (during the main pulse). Figure 6 (a) plots absolute [NO] number density radial distributions in air halfway between the electrodes, inferred from NO PLIF images taken at different delay times after the discharge pulse. Full width at half maximum of PLIF intensity 10 μs after the discharge, 2.2 mm, is close to the one obtained from plasma emission intensity distribution during the main discharge pulse, 2.3 mm. Also, it can be seen that the width of the PLIF intensity distribution does not change appreciably between 10 μs and 50 μs after the pulse, showing that at t > 10 μs, gasdynamic filament expansion, occurring on the time scale of a few μs [28] , is a minor effect. Figure 6 (b) also plots predicted [NO] radial distributions at the same conditions. Although the model underpredicts the NO number density at t =20-50 μs, by approximately factor of 2, it also shows that the predicted filament diameter change on this time scale is relatively modest. From the experimental data and modeling predictions plotted in figure 6 , it is also apparent that NO in the afterglow decays most rapidly near the filament centerline, due to reverse reaction (1) [4] , since its rate,
, scales as a product of NO and N number densities, both of which peak on the centerline. As a result, NO PLIF intensity distribution acquires a nearly 'top hat' shape (see figure 6 ). Note that the filament 'jitter' (i.e. lateral movement shot-to-shot) may also contribute to this effect. The effect of radial diffusion, on ~100 μs-1 ms time scale, is apparent from NO PLIF images taken in air and in H 2 -air (at the equivalence ratio of Φ = 0.42) at longer time delays after the discharge pulse, shown in figure 7. Time-resolved absolute NO and N atom number densities measured in air and H 2 -air mixtures are plotted in figure 8 , versus time delay after the discharge pulse. In air, the characteristic time for NO number density decay is close to that for N atoms, indicating the reverse reaction of equation (1) as the dominant decay mechanism, as has been demonstrated in our previous work [3] . This results in NO number density reduction in the afterglow by more than an order of magnitude, from the peak value measured of [NO] ≈ 1.5 • 10 15 cm −3 at t = 10 μs (the shortest time delay at which both LIF and TALIF data were taken) to [NO] ≈ 10 14 cm −3 at t = 1 ms, when radial diffusion already becomes significant. Over the same period, N atom number density decreases from the peak value measured of [NO] ≈ 3 • 10 15 cm −3 at t = 10 μs to below detection limit at t = 1 ms. The difference between Δ[NO] and Δ [N] suggests that an additional reaction may be involved in N atom decay in the afterglow as the temperature increases, such as reaction (2) (see figure 1) , which would slow down the rate of NO decay.
From figure 8 , it can be seen that adding hydrogen to the mixture results in significant increase of NO number density (on the time scale of t > 100 μs) and NO decay time, by approximately an order of magnitude. At the same time, N atom number density in the presence of hydrogen is also significantly reduced. This effect is observed over a wide range if equivalence ratios, Φ = 0.14-0.83. This suggests that NO increase and N atom reduction are related, such as would occur if N atoms were 'scavenged' by a reaction with OH, generating NO (forward reaction (3), the rate of which exceeds to the reverse rate of reaction (1), see figure 1 ). Thus, it appears that NO decay in the afterglow in air, caused primarily by reaction with N atoms, is nearly completely mitigated in H 2 -air, due to N atom scavenging by OH. Lower peak values of [NO] and [N] measured in H 2 -air mixtures at t = 10 μs, compared to air, may be also caused by lower discharge energy fractions into N 2 electronic excitation and dissociation and O 2 dissociation by electron impact, since some of the input energy goes to H 2 dissociation. Slow [NO] decay at long time delays after the discharge pulse, t > 1 ms, is characteristic of diffusion.
Figures 9 and 10 compare the results of NO and N number density measurements in air (figure 9) and in a hydrogen-air mixture (Φ = 0.42, figure 10 ) with kinetic modeling predictions. The modeling calculations were carried out for the time interval of 10 ms, starting approximately 50 ns before the pre-pulse voltage rise, and including the pre-pulse, time interval between the pre-pulse and the main pulse, and the main pulse (see figure 2) , as well as the afterglow. Figure 9 (a) plots experimental and predicted coupled energy and predicted temperature on the filament centerline in air. It can be seen that the pre-pulse, coupling approximately 2.5 mJ of energy to the plasma, results in temperature rise by about 100 K. Temperature rise after the main pulse, generated at t ≈ 6 μs, clearly occurs in two stages, 'rapid' heating caused by quenching of excited electronic states of N 2 by oxygen molecules [29, 30] , and 'slow' heating caused by vibrational relaxation of nitrogen by O atoms at t ~ 100 μs [12] . Although in the present work temperature in the plasma has not been measured, the kinetic model predictions are in good agreement with recent time-resolved temperature measurements by pure rotational ps CARS in air and H 2 -air [12] . The data of [12] , taken at similar conditions and using the same pulse plasma generator, clearly indicate the two-stage temperature rise illustrated in figure 9 (a). At t > 200 μs, the predicted temperature starts decreasing due to radial conduction and diffusion.
As can be seen from the model predictions in figure 9 (b), both N atoms, produced mainly by electron impact during the discharge pulse, and nitric oxide, generated during reactive quenching of excited electronic states of N 2 by O atoms (reaction (4)), are decaying in the afterglow. As expected, the dominant reaction of NO and N atoms decay in the afterglow is the reverse reaction (1). At t ~ 100 μs, the rate of reaction (2) also becomes significant (see figure 1) , due to the temperature rise in the afterglow. This results in additional generation of NO by reaction (2) , which reduces the predicted rate of NO decay at t > 100 μs. Although the model somewhat underpredicts absolute NO number density, the dynamics of NO decay in the afterglow is reproduced fairly well. Comparing these results with the model predictions for a hydrogen-air mixture (Φ = 0.42), plotted in figure 10(b) , it can be seen that N atom number density decays noticeably faster than in air, while NO number density decay slows down considerably. Analysis of reaction paths shows that this occurs due to reaction (3) between N and OH, generating additional NO in the afterglow, the rate of which exceeds the dominant NO decay process in air (the reverse reaction (1)). The rate of additional NO production by reaction (3) is limited by the amount of OH radicals generated in the plasma, also plotted in figure 10(b) . Dominant reactions of OH radical production and decay at similar conditions (repetitive nanosecond pulse discharge in air and H 2 -air at P = 40 torr and T = 300-1000 K) have been identified using sensitivity analysis in our previous work [31] . N atom number density reduction due to this process results in NO number density in hydrogen-air afterglow being nearly flat, until it is reduced by radial diffusion. Overprediction of N atom number density by the kinetic model for short time delays after the main discharge pulse (several microseconds), apparent from figures 9(b) and 10(b), may be caused by generation of excited atoms, N( 2 P, 2 D), during electron impact dissociation of N 2 . In the present model, these processes have not been incorporated, and it was assumed that electron impact dissociation always generated two ground-state atoms, N( 4 S). In the experiment, on the other hand, only ground-state N( 4 S) atom density has been measured, such that the fraction of excited metastable nitrogen atoms in the plasma remains uncertain. Figure 11 plots time-resolved N and NO number densities measured in air and in ethylene-air mixtures over a wide range of equivalence ratios (Φ = 0.19-1.74). It can be seen that in fuel-lean mixtures, Φ = 0.19 and Φ = 0.48, N atom number density decreases considerably and NO number density decay time becomes noticeably longer. This suggests the same effect of N atoms scavenging by OH radicals as observed in H 2 -air, resulting in additional NO production. However, NO number density on a longer time scale, ~1-10 ms, actually becomes lower than in air (see figure 11(b) ). Also, in near-stoichiometric and fuel-lean mixtures, Φ = 0.87 and Φ = 1.74, for which N atom density is below the detection limit of the present diagnostics, NO number density decreases considerably, compared to air plasma. All this suggests that NO kinetics in hydrocarbon-air plasmas is considerably more complex compared to air and hydrogen-air plasmas, additional NO reaction pathways may well be possible, and their analysis requires further kinetic modeling calculations.
Summary
In the present work, time-resolved, absolute NO and N atom number densities are measured by NO LIF and N TALIF in a diffuse plasma filament, nanosecond pulse discharge in dry air, hydrogen-air, and ethylene-air mixtures at P = 40 Torr, over a wide range of equivalence ratios. The results are compared with modeling predictions, using a kinetic model validated using our previous experiments in nanosecond pulse discharges in air and H 2 -air mixtures, which demonstrated that NO is formed predominantly during reactive quenching of multiple excited electronic states of N 2 by O atoms. 
may contribute to NO formation at the present conditions. In our previous work [3, 4] , this reaction channel was shown to be minor compared to reaction (4) , since N atom number density measured after the discharge pulse was lower compared to NO number density, such that reaction (7) was unlikely to contribute significantly to NO formation. However, at higher peak reduced electric field values typical for the present conditions, N atom number density after the discharge pulse exceeds that of NO (see figures 9(b) and 10(b)). This, as well as the fact that the model overpredicts N atom number density and somewhat underpredicts NO number density, suggests that reaction (7) may have a more pronounced effect on the data. It is tempting to improve the agreement between the data and the kinetic modeling predictions by incorporating reaction (7) into the model. However, doing this would significantly increase its uncertainty, due to lack of direct measurements of N 2 electron impact dissociation cross sections resulting in generation of N( 2 P, 2 D) atoms. The present results also show that in air afterglow, NO decay occurs primarily by reverse 1st Zel'dovich reaction, NO + N → N 2 + O. In the presence of hydrogen, this reaction is mitigated by 3rd Zel'dovich reaction, N + OH → NO + H, resulting in significant reduction of N atom number density in the afterglow, additional NO production, and considerably higher NO number densities. In fuel-lean ethylene-air mixtures, a similar trend (i.e. N atom concentration reduction and NO number density increase) is observed on ~100 μs-1 ms time scale after the discharge pulse, although [NO] on ~1-10 ms time scale becomes lower than in air. In nearstoichiometric and fuel-lean ethylene-air mixtures, when N atom number density was below detection limit, NO concentration was measured to be considerably lower than in air plasma. The results show the need for further kinetic modeling to provide quantitative insight into NO kinetics in hydrocarbon-air plasmas. One of the well-known challenges of self-consistent kinetic modeling of a nanosecond pulse discharge between bare metal electrodes and plasma chemistry in hydrocarbon-air mixtures is a large number of electron-ion, ion-ion, and ion-molecule reactions, in addition to reactions among excited species and 'conventional' chemical reactions among non-excited neutral species.
